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Electron Backscatter Diffraction was used to investigate the grain boundary character and triple junction
distributions as well as the microtexture on drawn pure and potassium doped (60e75 ppm) tungsten
wires. With an approximate diameter of 150 mm, pure W wires were annealed at 1300, 1600 and 1900 C,
whereas K-doped material was annealed at 1300, 1600 and 2100 C. The annealing was performed under
hydrogen atmosphere for 30 min. Both longitudinal and transversal sections were analyzed to assess
anisotropic features. Up to 1600 C, all conditions presented a strong <110> fiber texture parallel to the
drawing axis. With increasing annealing temperature, the pure W material developed a more hetero-
geneous fiber texture while for the K-doped material, it remained homogeneous. Orientation correlation
function (OCF) analysis suggested sub-grain coarsening as the recrystallization mechanism while grain
boundary density and grain boundary character distribution exhibited anisotropic behavior, as well as
the triple junction distribution network. On the other hand, the coincidence site lattices (CSL) distri-
bution did not present any anisotropy and followed the empirical law of the inverse cubic root of S-value.
For all conditions, the most abundant CSL boundaries were S3, S9, S11, S17b, S19a, S27a and S33a. Based
on the statistics of the triple junction types and their resistance to intergranular cracking, it was revealed
that increasing the annealing temperature might play a role in crack deflection since the resistance to
intergranular crack growth is increased in the transversal section and reduced in the longitudinal section.
This anisotropic behavior is preserved up to a higher annealing temperature in the K-doped material.
© 2020 The Author(s). Published by Elsevier B.V. All rights reserved.1. Introduction
Global warming is a major concern for the present and futureure), kim.verbeken@ugent.be
er B.V. All rights reserved.generations since the link between anthropogenic greenhouse gas
emissions and climate change has been established [1,2]. Consid-
ering a sustainable future scenario, alternatives to fossil fuels must
increase their share in the world’s energy matrix in order to miti-
gate climate changes, risks and damages [3]. Among the alterna-
tives, nuclear power plays an important role since it does not
depend on seasonal factors such as wind and solar power. Although
the “traditional” fission-based technology is still in expansion in
L. Tanure et al. / Journal of Nuclear Materials 537 (2020) 1522012United States and China, nuclear fusion reactors have the advantage
of generating more energy per kg of fuel and there is no highly
radioactive waste. So far, using the currently available devices,
fusion reactions do not generate net energy, i.e. they produce less
energy than the required amount for sustaining the reaction, but
the knowledge on this technology will be largely expanded with
the International Thermonuclear Experimental Reactor (ITER) that
is under construction in southern France with the first plasma
discharge planned by 2025 [4]. Besides the main goal of producing
net energy on a commercial scale, some studies proposed and
showed the feasibility of the transmutation of higher long-term
radiotoxicity into shorter lived nuclides using fusion reactors
helping tomanage the nuclear spent fuel [5e7]. Themain challenge
formaterials scientists with respect to this technology is the plasma
confinement. In a TOKAMAK device [4] (acronym from the Russian
language for “toroidal chamber with magnetic coils”) such as ITER
the plasma needs to achieve a temperature about 100e200millions
degree Celsius in order to overcome the Coulomb repulsion force
between particles with the same electric charge and fuse them into
a new element releasing energy. The primary confinement mech-
anism relies on strong magnetic fields that acts on the charged
particles and shape the plasma. Nevertheless, the reaction must
take place in a vessel and kept insulated from the external envi-
ronment. The materials that will face the plasma are subjected to
extreme conditions and have to meet very specific requirements in
order to be used under fusion relevant loading conditions such as
elevated operational temperature, high particle flux and cyclic
loading conditions [8e12]. The success of this technology on
providing large amounts of electricity as a carbon-free and envi-
ronmentally friendly source of energy relies on the development of
plasma-facing components and a better understanding on plasma-
wall interactions.
Tungsten-based materials have been extensively investigated as
a plasma facing material in the last few decades due to their unique
combination of properties e.g. high melting point, high thermal
conductivity, high temperature strength and low tritium retention.
They became the best candidates to be used as plasma-facing
components in future nuclear fusion reactors (ITER) and the
demonstration power plant (DEMO) [8,9,13e16]. Although tung-
sten is currently the suitable candidate, some issues still require
further investigation and improvement of the material [17,18].
As other body-centered cubic materials, tungsten exhibits the so
called ductile-to-brittle transition temperature caused by the
inability of dislocations to perform cross slip causing its intrinsic
brittleness below this transition temperature [19]. A possible
strategy to mitigate this shortcoming is to reinforce tungsten with
tungsten fibers (W-fibers), made of potassium doped tungsten
wires. The fiber-reinforcement promotes a behavior called extrinsic
toughening and relies on controlled energy dissipation mecha-
nisms at the fiber/matrix interfaces [20,21] and it can also promote
mechanisms like crack bridging that dissipate energy and relax
local stress peaks as reported by Riesch et al. [22].
Another issue that affects the performance of tungsten is a po-
tential risk of embrittlement caused by a change of microstructure
(recrystallization and grain growth) due to overheating during
operation. Theoretical consideration on the interaction between
dislocations and second phase particles has shown that at high
temperatures, elastically soft particles such as gaseous bubbles are
a better and more effective alternative to hard particles at sup-
pressing dislocations and grain boundary motion [23]. In incan-
descent light bulbs where tungsten filaments are subjected to high
temperatures, nano-sized potassium bubbles are responsible for
strengthening and for the improved creep resistance of tungsten
wires [23]. Potassium is introduced via KSiAl-doping before sin-
tering of the ingots. During sintering the KSiAl particles, the siliconand aluminum are removed while the insoluble potassium remains
entrapped. Afterwards, when processed by swaging and wire
drawing, potassium pores are elongated in the drawing direction
into narrow ellipsoids that, upon annealing, breaks up into a single
row of spherical bubbles [23e25].
Potassium doping has already proved its efficiency on sup-
pressing secondary recrystallization and controlling grain growth
up to 1900 C in tungsten thin wires [26e28]. Although these
materials have been characterized in terms of microstructure,
texture and mechanical behavior [26e34], a dedicated study on the
role of both triple junction and grain boundary character distribu-
tions is still missing. The main goal of this paper is to assess po-
tential anisotropy in the material and to compare the evolution of
both distributions in pure and K-doped W fibers annealed at
different temperatures. The findings could help to improve the
performance of the fibers under cyclic tensile load [35]. For a better
understanding of the link between microstructure and mechanical
behavior, the reader is referred to the literature [26e28,31].
2. Materials and experimental procedures
Drawn pure (99.9%) and potassium doped (60e75 ppm) W
wires, similar to the ones used in Refs. [26,27] were provided by
OSRAMGmbH, Schwabmünchen, with a diameter of approximately
150 mm [21]. Pure W wires were annealed at 1300, 1600 and
1900 C, whereas K-dopedmaterial was annealed at 1300,1600 and
2100 C. The annealing was performed on 100 mm long pieces in a
tube furnace under hydrogen atmosphere for 30 min. During this
process the samples were placed on a carbon free shovel.
Electron Backscatter Diffraction (EBSD) measurements were
performed on both longitudinal and transversal sections of the
wires. Pieces of 3e5 mm were embedded in conductive resin and
prepared following the standard metallographic procedures of
grinding and polishing. The EBSD analysis was performed using a
Field Emission Gun Quanta-450 FEI Scanning Electron Microscope
with 20 kV acceleration voltage. On the longitudinal sections, the
scanned areas varied from 50  100 mm2 to 150  900 mm2. The
specific size of the area was chosen based on the material condition
as we aimed to collect a statistically comparable amount of grain
boundary and triple junction data for each material. In the trans-
versal sections, the areas were kept at 60  60 mm2. The step-sizes
ranged from 50 to 400 nm depending on the grain size and the
scanned area and are specified in Table 1. Variations in the step-size
were performed in order to find a balance between statistically
reliable results, convenient computational time and a limit of 4
million pixels per file to avoid software-related issues during the
post-processing step. As the grains become larger with increasing
annealing temperature it is necessary to scan larger areas to obtain
data frommore grains thus larger step-sizes were used (this is more
recurrent for the longitudinal section). Post-processing analyses
were performed with OIM® Analysis software. The Neighbor Con-
fidence Index (CI) Correlation (where pixels with low CI are reas-
signed to match both the crystallographic information and the CI of
its first neighbor with the maximum CI) and the Grain CI Stan-
dardization (where CIs of all pixels that belong to a grain are
replaced by the maximum CI found among them) data cleanups
were applied. Afterwards, pixels with a confidence index below 0.1
were removed from the data set.
Analyses related to grain boundary and triple junctions were
collected from three different areas of the same scan i.e. the original
area of each scanwas divided in three regions of approximately the
same area in order to obtain average values and their respective
standard deviations. Some analysis of grain boundary character and
triple junction distributions were not performed on transversal
section of pure W samples annealed at 1900 C due to the small
Table 1
Step-sizes used for each EBSD analysis.
Longitudinal
Pure W As-received 1300 C 1600 C 1900 C
Step-size (nm) 50 200 200 400
K-doped As-received 1300 C 1600 C 2100 C
Step-size (nm) 50 50 100 100
Transversal
Pure W As-received 1300 C 1600 C 1900 C
Step-size (nm) 50 50 100 100
K-doped As-received 1300 C 1600 C 2100 C
Step-size 50 50 50 50
L. Tanure et al. / Journal of Nuclear Materials 537 (2020) 152201 3amount of grains and triple junctions and the corresponding sta-
tistical problems that accompany such analysis (i.e. very large
standard deviations on the obtained results).3. Results and discussion
3.1. Microstructure evolution
Fig. 1 shows Inverse Pole Figure (IPF) overlapped with grain
boundary (GB) maps of both pure W and K-doped fibers in the
longitudinal section for all analyzed conditions. Fig. 2 shows the IPF
maps overlapped with GB maps of the same samples but in the
transversal section. All the maps from both Figs. 1 and 2 are
30  30 mm2 to allow better comparison of the microstructural
characteristics and the effect of potassium doping among the
different conditions.
As can be seen in Fig. 1, the “as-received” condition of both
materials exhibits elongated grains oriented along the drawing axis
(vertical direction) and there are no clear differences in the average
length and width, measured by the linear intercept method, thatFig. 1. Inverse Pole Figure (IPF) overlapped with grain boundary (GB) maps of (a) pure W an
boundaries” stands for misorientation angles >5 while “special boundaries” are coincidenc
(For interpretation of the references to color in this figure legend, the reader is referred toare about 6e9 mm and 0.3e0.6 mm, respectively. As previously re-
ported [26], with increasing annealing temperature, the grains tend
to become longer and thicker. At 1600 C, these values change to
10e12 and 2e4 mm for the pure W and to 7e9 and 0.8e0.9 mm for
the K-doped material. At 1900 C, the pure W exhibits large grains
in a heterogeneous distribution with average grain size that ranges
from 10 to 60 mm. In the annealed condition of 2100 C, excessive
grain growth takes place in the doped material with a region of
small grains confined between two larger grains. These small grains
still preserve their elongated shape with average length and width
of 8 and 1 mm, respectively.
Fig. 2 also confirms the suppressing effect of K-doping on grain
growth in the drawn tungsten wire. The pure material exhibits
average grain sizes of 0.36, 1.73 and 4.62 mm in the as-received and
annealed at 1300 and 1600 C conditions, respectively. On the other
hand, the K-doped material presents grains with an average size of
0.31, 0.51 and 0.74 mm for the same conditions. At 1900 C, the pure
W material does not exhibit enough grains in the transversal sec-
tion for a meaningful statistical analysis whereas, at 2100 C, the K-
doped material exhibited a bi-modal grain size distribution that isd (b) K-doped materials in the longitudinal section of all annealed conditions. “Random
e site lattices (CSL). Drawing axis: vertical. Color code with respect to the drawing axis.
the Web version of this article.)
Fig. 2. Inverse Pole Figure (IPF) overlapped with grain boundary (GB) maps of (a) pure W and (b) K-doped materials in the transversal section of all annealed conditions. “Random
boundaries” stands for misorientation angles >5 while “special boundaries” are coincidence site lattices (CSL). Drawing axis: perpendicular to the paper. Color code with respect to
the drawing axis. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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dominance of the green color is a clear indication of a large number
of <110> directions parallel to the drawing axis (DA) for both ma-
terials. Figs. 3 and 4 display for the longitudinal and transversal
sections, respectively, a quantitative evaluation of the texture
through the orientation distribution functions (ODFs), using a
Gaussian spread function with 5º half-width by harmonic series
expansion up to rank 16, and a specific analysis of the intensity
along the <110>//DA fiber as a function of the Euler angle F. No
sample symmetry was imposed.
As can be seen in Figs. 3 and 4, both materials exhibit strong
<110>//DA texture with intensities ranging between 10 and 22 for
most conditions regardless the annealing temperature, which
means that grains with the <110>//DA crystallographic direction
are 10e20 times more likely to be present when compared to anyFig. 3. (a) Orientation distribution functions (ODFs) and (b) <110> fiber analysis of the longiother direction. In the ODFs, Figs. 3a and 4a, the <110>//DA fiber
comprises the interval 0  F  90 for 41 ¼ 0 and 42 ¼ 45 while
Figs. 3b and 4b show the variation in the textural intensity of this
fiber as a function of the angle F. Besides the strong texture
observed, one can notice that the K-dopedmaterial presents amore
homogeneous fiber distribution in comparison with the pure W.
This behavior can be linked to the limiting effect of the potassium
on recrystallization and grain growth, as shown in the IPF maps of
Figs. 1 and 2. The steeper microstructural modification in the pure
W material will affect its texture evolution resulting in more het-
erogeneity along the <110>//DA fiber, although both materials
sustain the strong texture up to 1600 C. The other two areas of
larger intensity in the ODFs, the upper right corner (41 ¼ 90,
F¼ 0, 42 ¼ 45) and the region near the center (41¼60, F¼ 55,
42 ¼ 45) are very close to the ð111Þ½011 and ð001Þ½110tudinal section of both materials up to 1600 C. 41 and F range from 0 to 90 . 42 ¼ 45 .
Fig. 4. (a) Orientation distribution functions (ODFs) and (b) <110> fiber analysis of the transversal section of both materials up to 1600 C. 41 and F range from 0 to 90 . 42 ¼ 45 .
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orientations present on the <110>//DA fiber. The ODFs shown in
this study display a similar texture distribution when compared to
cold-drawn Tie45Nb wires in the study conducted by Chen et al.
[36], although the latter presents lower intensities for the <110>
fiber along the drawing axis.
The GB maps of Figs. 1 and 2 display the boundary network in
the wires and show a distinction between randomly oriented
(black) boundaries, i.e. any misorientation larger than 5, and
special (red) boundaries that are coincident site lattices (CSLs) from
S3 to S49c that were determined according to Brandon’s criterion
from a maximum permissible deviation given by an equation of the
form Dq ¼ q0(S)n where q ¼ 15 and n ¼ 0.5 [37]. It is known that
low-S CSL boundaries are strongly resistant to fracture in different
environments [38]. This is attributed to the fact that grain bound-
aries occurring in a CSL show a periodic structure and therefore
lower energy when compared to random boundaries. S is the
reciprocal density of coincidence sites, e.g. a S9 boundary is located
between two neighboring grains which are misoriented from each
other by an angle that results in a coincidence of lattice points of 1/
9. If there is more than one misorientation that results in the same
fraction of coincidence lattices, different letters are added next to
the S classification. The connectivity of the grain boundaries and
the triple junction distributions will be discussed later on.
It is worth mentioning that changes in the color within the
grains in the IPF maps as well as changes in the grain boundary
character in GB maps, i.e. when a grain boundary line changes its
color without interaction with another grain boundary, are related
to microstructural heterogeneities resulting from the large plastic
deformation to which the wires were exposed during drawing.
When plastic deformation is imposed to any polycrystalline ma-
terial, a number of grains are subjected to the equivalent external
stress, but only the ones favorably oriented experience activation of
slip systems and subsequent plastic deformation. However, at the
same time, neighboring grains that are less favorably oriented will
impose restrictions to the deformation compatibility making
necessary the rotation of these grains generating dislocations
where there are larger misorientations. These rotations are the
main cause of deformation heterogeneities resulting in deforma-
tion gradients and, hence, gradients in stored energy within and
around the grains affecting recovery and recrystallization pro-
cesses. Depending on the particular grain orientation, different slip
systemsmay be activated inside the same grain resulting in slightly
different crystallographic rotations with stable final misorientation
within the grain definition i.e. misorientation below <5, resulting
in color gradients. The strong texture that results from the drawingprocess is present as expected in the “as-received” conditions [39]
and it will play an important role on the evolution of grain
boundary character distribution after annealing and is discussed
later on.
Both IPF and GB maps clearly show the evolution and the dif-
ferences between the microstructure of the analyzed materials.
Pure W exhibits clearer and faster microstructural modifications
when compared to the doped wire. As previously reported,
recrystallization and grain growth occur already at 1300 C and the
grains keep growing up to 1900 C, but no secondary recrystalli-
zation was observed [26]. On the other hand, the K-doped fiber
shows minor and homogeneous changes in the microstructure up
to 1600 C, which might be attributed to extended recovery as
suggested by Engler and Randle [40] and/or recrystallization as
suggested by Zhao et al. [33]. At 2100 C, a few elongated grains
grow much faster than the others consuming the smaller neigh-
boring grains resulting in a bi-modal grain size distribution.
Nevertheless, some small grains remain surrounded by larger
grains, a clear indication of abnormal grain growth (also called
secondary recrystallization). As mentioned before, the main focus
of this work is on grain boundaries and triple junction analysis. Any
further evaluation related to the samples annealed at 2100 C (K-
doped material) will refer to regions comprised only by small and
elongated grains, like the ones shown in Fig. 1. Regarding the
annealed condition at 1900 C (pure W), some analysis will not be
carried out on the transversal section due to the lack of statistical
representation since only a few grains and, therefore, few grain
boundaries are present.
The reduction of the stored energy caused by deformation as
well as the reduction of grain boundary density (length of grain
boundaries per area) are the driving force for the recrystallization
phenomenon [19,41] and, as pointed out qualitatively on the GB
maps of Fig. 1, it occurs faster in pure W. This behavior is a clear
indication of the effectiveness of potassium in suppressing the
grain boundary mobility [42]. For a quantitative comparison, Fig. 5a
and 5c display a steeper reduction of the grain boundary density in
pure W fibers in comparison with the K-doped material on both
inspected sections i.e. longitudinal and transversal ones, respec-
tively. Comparing different materials at the same annealing tem-
perature, the boundary density is always lower on the longitudinal
section as a consequence of the characteristic morphology of drawn
materials: i.e. the very elongated grains. The anisotropy of the grain
shape results in anisotropy of the grain boundary density. Fig. 5b
and 5d show the grain boundary character distribution (GBCD), i.e.
the fractions of low-angle grain boundaries (LAGBemisorientation
angles between 2 and 15), CSL boundaries and high-angle grain
Fig. 5. (a) and (c) Grain boundary densities and (b) and (d) grain boundary character distributions of pure W and K-doped materials as function of annealing temperature. (a) and
(b): longitudinal section. (c) and (d) transversal section.
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function of the annealing temperature on the longitudinal and
transversal sections, respectively.
Fig. 5b shows fewer variations on the GBCD of the K-doped
samples upon annealing which confirms the observations on the
grain shape/size behavior. The more difficult it is to change the
microstructure the less variation on GBCD one should expect. The
as-received conditions exhibit similar GBCD, since the
manufacturing processes for both materials were the same. Upon
annealing the differences can be identified. For the K-doped wires,
on the longitudinal section, the fractions of LAGB, CSL and HAGB
remain approximately equal to each other (between 0.3 and 0.4)
regardless the annealing temperature. The pure W exhibits an in-
crease in the LAGB, reduction on CSL while the HAGB fraction
oscillated between 0.25 and 0.40. When compared to other con-
ventional low deformation processes such as rolling and forging, a
relevant feature is the relatively large fraction of HAGB in materials
that underwent severe plastic deformation as can be seen in all
conditions, regardless of the analyzed section. According to Hughes
and Hansen [43], who studied the effect of large strains on
Aluminum, Nickel and Tantalum, this behavior is ascribed to
deformation induced high-angle boundaries and relies on
continued grain subdivision into crystallites surrounded by dislo-
cation boundaries resulting in a large misorientation spread based
on dislocation accumulation processes. Different slip system com-
binations can lead to the formation of complex dislocation struc-
tures inside individual crystallites. As a result, parts of the grain
may rotate towards different stable end orientations. Similar ob-
servations were made in a study conducted by Nikolic et al. [28] on
the same material. Alternatively, in the transversal section, Fig. 5d,
differences on the fractions of GBCD with the annealing tempera-
ture are not as large as in the longitudinal section. This behavior can
be ascribed to the slender reduction of grain boundary densities
compared to the longitudinal section. These differences will requirethe evaluation of a possible anisotropic effect on the CSL, as well as
in the triple junctions distributions along perpendicular sections.
Another behavior that must be pointed out is the increase of the
LAGB fractions with increasing annealing temperature. In the pre-
sent work, this feature was observed in the longitudinal section of
the pure W material and in the transversal section of the K-doped
samples. Also according to Hughes and Hansen [43], this can be
explained by orientation pinning that can slow down or even stop
the migration of a HAGB. It happens when a growing grain meets a
deformed crystallite with similar orientation causing the replace-
ment of the highly mobile HAGB by a much less mobile LAGB. As
reported in our previous study [26] and also shown in Figs. 3 and 4,
the <110> texture parallel to the drawing axis of both materials
remained fairly strong around 10e20 times random regardless the
annealing temperature, which explains the GBCD behavior.
Figs. 6 and 7 display misorientation distributions of the samples
in the longitudinal and transversal section, respectively. On the one
hand, the misorientation distribution function (MDF) is measured
considering the misorientations gij between all grains i and all their
first neighbor j displaying the “real” misorientation of the micro-
structure. On the other hand, the orientation difference distribution
function (ODDF) is directly derived from the ODF (Figs. 3ae4a) as it
is calculated under the assumption of a random arrangement of the
orientations in themicrostructure. It can be noted that the standard
Mackenzie distribution, which is the misorientation angle distri-
bution in totally random oriented polycrystals (i.e. texture-free),
plotted as a dashed line in Figs. 6(a) and 7(a), is different from
the ODDF distributions. This difference resides in the texture itself:
while Mackenzie is valid for a random orientation distribution,
ODDF is derived for a given texture assuming its random topolog-
ical arrangement. To identify features that arise from a given local
arrangement and the features controlled by the texture, the locally
measured misorientation, MDF, must be normalized by the ODDF
resulting in the orientation correlation function (OCF). Therefore,
Fig. 6. Longitudinal misorientation angle distributions: (a) measured misorientation distribution functions (MDFs), (b) orientation correlation function (OCF) for the pure W and (c)
OCF for the K-doped material.
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orientations and indicates a higher (OCF > 1) or lower (OCF < 1)
frequency when compared to a statistically-expected arrangement
of grains.
As can be seen in Fig. 6b, 6c, 7b and 7c, OCF values tend to be
larger than 1 for the lower angle misorientations, i.e. below 20.
Consequently, for higher misorientation angles, OCF values tend to
become lower than 1. This result indicates that low-angle grain
boundaries are more frequently occurring than they would be in a
sample with the same crystallographic texture but random spatial
arrangement of the orientations. This feature points out that
recrystallization occurs by continuous sub-grain coarsening, also
called extended recovery or continuous recrystallization. This
mechanism was also suggested by Lied et al. [44] to occur during
recrystallization of pure and K-doped cold-rolled W sheets.
As the annealing temperature increase, and grain growth takes
place, the OCF values tend to become more homogeneous andremain closer to 1 for all misorientation angles in the case of the K-
doped material, reducing the predominance of the sub-grain
coarsening mechanism during grain growth. Similar OCF-analysis
was performed by Engler and Huh [45] to study texture evolution
in high purity aluminum foils. However, in their work, significant
higher OCF-values confirmed the occurrence of sub-grain coars-
ening mechanism during grain growth.
A closer look at the S boundaries distributions revealed a set of
more frequently occurring special boundaries as well as the effect
of the annealing temperatures on them. Fig. 8 is an example given
for the longitudinal section of the K-doped material. For compari-
son, random CSL distribution data are plotted in green and labeled
as “Random pureW” belonging to a texture-free tungsten produced
via spark plasma sintering.
Both materials present very similar CSL distributions irre-
spective of the analyzed section (that is why the authors decided to
show only one distribution as an example) with common
Fig. 7. Transversal misorientation angle distributions: (a) measured misorientation distribution functions (MDFs), (b) orientation correlation function (OCF) for the pure W and (c)
OCF for the K-doped material.
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S33c, S41c and S43c. Among these S values, 33c, 41c and 43c are
present in negligible fractions (less than 0.01). As the annealing
temperature goes up, there is a general trend on increasing S3
boundaries fractions while all the other CSL fractions are reduced. If
one considers the “S3 regeneration model” proposed by Randle [47]
to describe the interaction between boundaries at triple junctions
(TJ) and the formation of S3 through the reaction S3n þ S3(nþ1)/
S3 (mainly used for FCC and low stacking fault energy materials), it
seems to be applicable for the tungsten wires as well. Although
tungsten is a BCC metal with elevated stacking fault energy [48],
the fractions of S9 and S27a were reduced while S3 has increased.
There seems to be no anisotropy on the evolution of the CSL fraction
(3  S  49) distributions since the values for transversal andlongitudinal sections evolve in a similar way with the annealing
temperature increase.
Some studies on other BCC metals [38,49] have shown and
linked the S1, S3, S9, S11, S19 and S27 CSL boundaries to the <110>
texture in Fe-6.5%Si ribbons. These studies have taken into account
a different range of CSL (S3-S29). Watanabe et al. [38] proposed an
empirical law to describe the fraction of CSL boundaries with spe-
cific S values in order to precisely predict the fraction of a given
boundary. It was found that the incidence of low-S CSL boundaries
(3  S  29) tends to increase with descending order of S-value in
sharply {100} and {110} textured Fe-6.5%Si ribbons. According to
their observations, the fraction of low-S CSL boundaries, FS, is
proportional to the inverse cubic root of the S-value as follows:
Fig. 8. S CSL boundaries distribution of K-doped fibers in the as-received and annealed conditions. Longitudinal section.
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Where K and F0 are constants which may depend on thermal
history of the material. Fig. 9a and 9b, show the inverse cubic root
correlation based on the longitudinal data for pure W and K-doped
wires, respectively, while Fig. 9c and 9d displays the same analysis
based on the transversal section data.
Table 2 summarizes the calculated parameters extracted from
the linear fit of the experimental data presented in Fig. 9 togetherFig. 9. The inverse cubic root S dependence of the low-S CSL fraction of (a) and (c) pure W
sections.with the Pearson’s r coefficient. The better the model fits data the
closer to unity the Pearson’s r coefficient will be.
According to Table 2, all conditions exhibit a Pearson’s coeffi-
cient larger than 0.90 (the only exception was the transversal sec-
tion of the K-doped material annealed at 2100 C). The condition
with the best linear fit is the transversal section of the pure W.
These results are in good agreement with Watanabe’s prediction.
With increasing annealing temperature, the K values (the slope of
the line) tend to increase while F0 values tend to decrease.and (b) and (d) K-doped wires. (a) and (b) longitudinal sections (c) and (d) transversal
Table 2
Parameters of the inverse cubic root S equation.
Pure W K-doped
Longitudinal
As-received 1300 C 1600 C 1900 C As-received 1300 C 1600 C 2100 C
F0 0.1025 0.1585 0.2938 0.2455 0.1200 0.1493 0.1435 0.1531
K 0.3874 0.4654 0.7896 0.6596 0.4403 0.4852 0.4500 0.4870
Pearson’s r 0.92 0.96 0.93 0.92 0.90 0.96 0.97 0.98
Transversal
F0 0.0954 0.1072 0.1391 e 0.1108 0.1397 0.1744 0.0727
K 0.3659 0.3869 0.4415 e 0.3931 0.4915 0.5795 0.2814
Pearson’s r 0.94 0.99 0.99 e 0.92 0.97 0.98 0.86
Fig. 10. IPF map of the K-doped material annealed at 2100 C showing the four
different types of TJ nodes inside the white circles: 1 (RRR), 2 (RRS), 3 (RSS) and 4 (SSS).
Black lines are random boundaries (R) and white lines are CSL boundaries.
L. Tanure et al. / Journal of Nuclear Materials 537 (2020) 152201103.2. Triple junctions
It needs to be mentioned that the morphology of grains and
grain boundaries play an important role in the evolution of plastic
deformation of metals under external load. In particular, the char-
acter of grain boundaries will determine the interaction of dislo-
cations with and their ability to be absorbed by or be transmitted
through grain boundaries. Subsequently, the build-up of stress
concentrations near grain boundaries and initiation of cracks will
depend on the character of grain boundaries. It has been shown
that low-energy grain boundaries are resistant to fracture for
polycrystalline metals in different environments. Randomly ori-
ented boundaries were found to act as preferential sites for crack
nucleation and its subsequent propagation. Since the low-
temperature embrittlement (i.e. near the onset of the plastic
deformation) in polycrystalline materials is caused primarily by
intergranular fracture [38], increasing the fraction of “special” low-
S (CSL) boundaries might help to improve fracture strength, and
this benefit must be assessed in the context of triple junctions (TJ)
and grain boundary connectivity. As the EBSD data is acquired
through a hexagonal grid of pixels, as can be noticed in Fig. 10, this
is an ideal input to identify the intersection of three hexagons i.e.
the TJ itself. As important as the CSL fraction, the connectivity of the
grain boundary networks that are susceptible to failure must be
reduced in order to increase the ductility and fracture toughness of
the material.
The connectivity of grain boundaries is assessed through the
analysis of TJ nodes since these can act as a crack arrester or a crack
assister. Fig. 10 displays an IPF map of the K-doped material
annealed at 2100 C to exemplify the four types of TJ nodes, com-
binations of random boundaries (R) and special (S) CSL boundaries
next to each other, i.e. 0-CSL, when all three grain boundaries at theTJ are random (RRR e white circle 1), 1-CSL, when one of the
boundaries is a CSL and the other two are random (RRS e white
circle 2), 2-CSL, when two CLS boundaries are present and the third
boundary is random (RSS ewhite circle 3) and, finally, 3-CSL, when
all three boundaries are CSL (SSS e white circle 4).
The last type of the TJ node (white circle number 4), S3-S11-S11,
does not obey the suggested “rules” of TJ combination and would
not be possible in unstressed crystals where no deviations from
ideal CSL are allowed. The formula S3 ¼ S1 S2/b2, where one of the
S’s (e.g. S3) is always larger than the other two and b is a common
divisor of S1 and S2, is not obeyed [50]. Frary and Schuh [51] have
also proposed a “deviation limit rule” in order to extend the pre-
vious “combination rule” taking into account the deviations from
the ideal CSL positions. They proposed that the largest deviation of
any boundary from an ideal CSL misorientation should not exceed
the sum of the deviations of the other two boundaries in the same
TJ. Here, this is not the case either, since the deviations are 1.7, 4.0
and 7.0, which means that this TJ cannot be predicted by the
known rules.
The distributions of the TJ nodes in the analyzed samples are
shown in Fig. 11. Here the LAGB fractions are taken into account as
the low-S CSL “S1”. Focusing the analysis on the annealing tem-
peratures up to 1600 C, to exclude heterogeneous microstructures,
one can notice different behavior when different sections of the
same material are compared. In other words, there is anisotropy
with respect to the TJ node distributions. In the longitudinal sec-
tions, with the increase of the annealing temperature, the fraction
of RRR and RRS types of nodes increases whereas the fraction of SSS
nodes decreases. In pure W samples, the RSS percentage decreases
while it remains constant in the K-doped samples. Analyzing the
transversal sections and taking into account the standard deviation
intervals, the pureW displays constant values for all four types of TJ
nodes irrespective of the annealing temperature. The microstruc-
ture of the K-dopedwires exhibits a reduction of the fractions of the
RRR and RRS nodes and subsequent increase of SSS nodes. The
fraction of RSS nodes remains constant as observed on both
transversal and longitudinal sections.
The connectivity of TJs, in terms of the character of grain
boundaries involved, plays an important role in determination of
the local plasticity under externally applied load. As noticed earlier,
depending on the character of the TJ node it may act as either a
crack assister (i.e. prevent plastic deformation and cause an in-
crease of stress concentration) or a crack arrester (i.e. facilitate the
propagation of plastic deformation from one grain to another). In
order to analyze and evaluate the microstructural resistance, only
the TJ nodes that comprise at least one boundary that is susceptible
to cracking will be taken into account, i.e. RRR, RRS and RSS, since
the SSS TJ are inactive entities on arresting or assisting the crack
propagation (based on the assumption that the crack front would
never approach this type of TJ).
Among the four types of TJ nodes presented, when at least two
Fig. 11. Triple junction (TJ) distribution of (a) and (c) pure W and (b) and (d) K-doped material. (a) and (b) longitudinal section. (c) and (d) transversal section.
Fig. 12. Number fraction of resistant intergranular crack triple junctions as a function
of the annealing temperature.
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boundaries will be broken as well as the path of intergranular crack
extension. According to King et al. [52], percolative paths in the
microstructure will be broken if the following equation holds:
f2CSL/f(1-3CSL)  0.35,
where f2CSL is the fraction of RSS TJ nodes and f(1-3CSL) is the fraction
of TJ nodes that are composed by at least one randomly oriented
boundary (i.e. 1 minus the SSS TJ nodes fraction) in the micro-
structure. This ratio represents the fraction of TJ nodes that are
resistant to intergranular crack propagation. Fig. 12 shows these
fractions for the studied samples up to 1600 C in both scanned
cross-sections. Different trends can be noticed depending on theanalyzed section.
The results obtained at the annealing temperature of 1900 C
and higher have reduced statistical significance due the small
number of TJs available for the EBSD analysis, therefore they were
not presented.
In our previous work, where the transversal section of the K-
doped material was analyzed [53], a different range of CSL
boundaries was taken into account (3  S  29) but the increase of
the intergranular crack propagation resistance was observed. In the
current study, the same trend is observed and a relevant anisotropic
aspect can be noticed, namely: with increasing the annealing
temperature the resistance of TJ nodes on the transversal section to
intergranular crack propagation enhances but, at the same time, it
is reduced in the longitudinal section. This statement is valid for the
K-doped samples annealed at temperatures at which statistically
relevant data could be obtained. Thus, by increasing the annealing
temperature there might be a larger probability of intergranular
fracture across longitudinal TJ nodes. This anisotropic effect is
preserved up to a higher annealing temperature in the K-doped
material since the difference of resistance between both sections
becomes larger at 1600 C while it is reduced for pure W. Such
behavior is apparently linked to the microstructure of elongated
grains that is retained up to higher annealing temperatures in the
K-doped material thanks to the suppressing of grain boundary
mobility. These findings are in accordance with a recent study of
Pfeifenberger et al. [18], where they investigated the intergranular
cracking resistance of ultrafine grained tungsten materials and
shown the strong anisotropic fracture behavior on tungsten foils
and K-doped tungsten wires of 150 mm of diameter (similar to the
ones used in the present study). For both materials, intergranular
fracture prevailed along the weaker direction, parallel to the
needle-like shape of the grains, i.e. in the longitudinal surface.
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In the present study, the analysis of microtexture, grain
boundary character and distribution of triple junction types was
carried out in pure and potassium doped drawn tungsten wires
annealed at different temperatures, which represent technological
relevance for fusion operational conditions. Both longitudinal and
transversal sections were investigated to assess anisotropic aspects
of the grain structure.
Both materials, in all conditions, exhibited a strong <110>//DA
texture regardless the annealing temperature, while with
increasing annealing temperature, the K-doped material presented
a more homogeneous fiber distribution as compared to the pureW.
An analysis of the orientation correlation function (OCF) showed
that small misorientation angles play an important role during
recrystallization suggesting recrystallization occurs by continuous
sub-grain coarsening, which is sometimes also called extended
recovery or continuous recrystallization. This mechanism was,
however, clearly less pronounced during grain growth of the K-
doped material.
A large fraction of high-angle grain boundaries was observed in
the as-received condition for both studied materials and its
reduction at the expense of the emergence of low-angle grain
boundaries was observed under annealing with the progressively
increasing temperature. No significant differences were noted with
respect to the evolution of coincident site lattices boundary be-
tween the longitudinal and transversal sections. The predominant
types of CSL boundaries were: S1, S3, S9, S11, S17b, S19a, S27a,
S33a and a good correspondence with the empirical law of the
inverse cubic root S dependence of the GB fraction was found.
The analysis of the character of triple junctions evidenced an
anisotropic distribution. The increase of the annealing temperature
led to the emergence of the TJ nodes that might be able to improve
the resistance to intergranular crack propagation in the transversal
section, while at the same time it yielded the increase of TJ nodes
that can suppress crack resistance in the longitudinal section.
Progressive annealing, from the TJ analysis point of view, could lead
to the increase on crack deflection probability since the difference
on intergranular cracking resistance, when comparing transversal
and longitudinal sections, increase up to 1300 and 1600 C for pure
tungsten and K-doped material, respectively.
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